Introduction
============

Pulmonary arterial hypertension (PAH) is a vascular remodeling disease with a poor prognosis and limited therapeutic option. Pulmonary vascular remodeling is the key structural alteration in the normal architecture of the walls of pulmonary arteries. Vascular smooth muscle cells (SMCs) are involved in this process ([@b1-ijsc-11-168]).

Vascular SMCs exhibit phenotypic and functional plasticity in response to environment. Upon vascular injury, SMCs undergo phenotypic transition from a quiescent contractile (differentiated) to a proliferative/migratory synthetic (dedifferentiated) phenotype. This processes plays a major role in the development of vascular remodeling ([@b2-ijsc-11-168]), and is accompanied by decrease in expression of SMCs-specific markers (transgelin, SM a-actin) responsible for SMCs contraction, increase in expression of synthetic SMC markers (thrombospondin, epiregulin), and production of pro-inflammatory mediators that modulate induction of proliferation and chemotaxis ([@b3-ijsc-11-168]). Inflammatory infiltrates into the lungs mediate phenotypic transition in pulmonary vascular SMCs, stimulate the structural remodeling in the vasculature ([@b4-ijsc-11-168]), lead to the activation of oxidative stress, cause a decrease in vasodilators (nitric oxide, prostacyclins) and an increase in vasoconstrictors endothelin (ET)-1 and thromboxanes ([@b4-ijsc-11-168]).

Some studies suggest that nitric oxide (NO) has been shown to reduce inflammation, apoptosis ([@b5-ijsc-11-168]), and regulate the vascular SMCs proliferation, migration and differentiation ([@b6-ijsc-11-168]). NO/cGMP (cyclic 3′-5′ guanosine monophosphate) signaling plays a critical role in smooth muscle tone, cardiac contractility, and cell growth ([@b7-ijsc-11-168]). However, the disturbance of the endothelial cells in PAH results in the alteration of NO/cGMP signaling, then lead to a decrease in endothelial nitric oxide synthase (eNOS) expression and NO production ([@b8-ijsc-11-168]). Therefore, it is important to maintain the functions of endothelial cells.

Mesenchymal stem cells (MSCs) have been proposed to the treatment of pulmonary hypertension to improve vascular endothelial functions of the monocrotaline (MCT)-injured lung. MCT is a pyrrolizidine alkaloid which selectively injures the pulmonary vascular endothelium and induces pulmonary vasculitis, can cause PAH in rats and is widely utilized to analyze the pathophysiology of PAH ([@b9-ijsc-11-168]). Fischer reported that the majority of MSCs were trapped inside the lungs following intravenous delivery ([@b10-ijsc-11-168]), and MSCs can suppress ongoing inflammation ([@b11-ijsc-11-168]), these may benefit for the treatment of lung diseases. Our previous study had found that integrin alpha5 (ITGA5), integrin beta1 (ITGB1) increased the NO production and prevented the cell anoikis ([@b12-ijsc-11-168]) *in vitro*. In present study, we focus on the effect of rBMSCs/ITGA5B1 on MCT induced phenotypic transition in co-cultured HPASMC (Pulmonary Artery Smooth Muscle Cells) to evaluate its therapeutic potential for the future treatment of PAH.

Materials and Methods
=====================

Ethics statement
----------------

The adult male Wistar rats weighing 100\~120 g (certificate number SCXK Shandong 20140007) were obtained from the animal experimental center of Shangdong University (Shandong, China). The study was approved by the Institutional Animal Care and Use Committee (Liaocheng People's Hospital, Shandong, China). All experiment with animals were conducted in accordance with the guidelines described in the National Institutes of Health "Guide for the Care and Use of Laboratory Animals".

Cells and Reagents
------------------

HPASMC were purchased from Sciencell, cultured with smooth muscle cell medium with smooth muscle cell growth supplement (Sciencell Research Laboratories, Inc., San Diego, CA, USA). The adult male Wistar rats were used as rBMSCs donors. The femurs and tibiae were removed from the rats and rBMSCs were isolated and cultured as we described previously ([@b13-ijsc-11-168]). The pLVXmCMV-mCherry lentiviral vector backbone, the ITGA5, ITGB1 gene over-expressed lentiviral vectors pLVXmCMV-ITGA5-mCherry (LV-ITGA5) and pLVX-mCMV-ITGB1-mCherry (LV-ITGB1) were purchased from Biowit Technologies Co., Ltd. (Shenzhen, China). The lentiviral packaging plasmids VSV-G, psPax2 and pRSV-Rev were given as a kind gift by Dr Padraig Strappe (Central Queensland University, Australian).

Transduction, co-culture and the morphological changes of HPASMC
----------------------------------------------------------------

The Lentiviral vectors production and transduction was performed as we described previously ([@b13-ijsc-11-168]). rBMSCs were randomly divided into two groups for co-culture: vector group (infected with empty vector virus), and rBMSCs/ITGA5B1 group (co-infected with ITGA5 and ITGB1 virus). The transwell co-culture system was used for HPASMC and rBMSCs co-culture, briefly, HPASMC was cultured in the lower compartment of a transwell-plate (Costar 3412, Corning Incorporated, NY, USA), treated with MCT (1 μM) for 24 h after HPASMC reached 50\~60% confluence, and named for MCT-HPASMC. Each group of rBMSCs (5 days post transduction) was placed onto 0.4 μm pore size polycarbonate membranes of the upper compartment in the transwell plate. HPASMC were randomly divided into four groups: Control group (only HPASMC), Model group (only MCT-HPASMC), Vector group (MCT-HPASMC in lower compartment and co-cultured with rBMSCs/Vector), ITGA5B1 group (MCT-HPASMC in lower compartment and co-cultured with rBMSCs/ITGA5B1). The morphological changes of each group of HPASMC were investigated and photographed under light microscopy (CKX71, Olympus) after co-cultured for 72 h.

NO detection
------------

Nitrite (the stable end product of NO) was measured by a Nitric Oxide Colorimetric Assay Kit (Biovision, Milpitas, CA, USA) in each group of HPASMC supernatants using the Griess reaction as described in the previous studies ([@b14-ijsc-11-168]). The absorbance was measured by microplate reader (Multiskan MK3, Thermo scientific, USA) at 540 nm. The concentration of nitrite in HPASMC supernatants was calculated by a calibration curve prepared from serial dilutions of nitrite standard solution. Each sample was analyzed in triplicate and each experiment was repeated for three times.

Measurement of reactive oxygen species (ROS) levels
---------------------------------------------------

Reactive Oxygen Species Assay Kit (Beyotime, Jiangsu, China) was used for detecting the intracellular ROS levels by the oxidation-sensitive fluorescent probe 2′, 7′-dichlorofluorescein diacetate (DCFH-DA). Cells were washed twice with PBS and incubated with DCFH-DA (10 μM) for 20 min after HPASMC co-cultured with rBMSCs/ITGA5B1 for 72 h. ROS can oxidize non fluorescent DCFH to produce fluorescent DCF. The cellular production of fluorescent DCF was measured with flow cytometry (Becton, Dickinson) and analyzed by the BD FACSDiva software.

Western blotting
----------------

To determine the protein expression of eNOS, CCAAT/enhancer-binding proteins delta (Cebpd), Krüppel-like factor 4 (KLF4), transforming growth factor-β1 (TGF-β 1), and endothelin (ET)-1, total protein was extracted in ice-cold lysis buffer containing PMSF (Beyotime, Jiangsu, China) for 30 min on ice at 5 days post-transduction. The lysate was then centrifuged at 12,000×g for 5 min at 4°C. The supernatant was collected and the protein concentration was determined by BCA Protein Assay Kit (Beyotime, Jiangsu, China). Equal amounts of protein (20 μg) were separated by 10% SDS-PAGE, and then were electro-transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA). The membranes were blocked with 5% skimmed milk at room temperature for 1 h, and then incubated with the primary monoclonal anti-eNOS (BD Biosciences PharMingen, San Diego, CA, USA), anti-Cebpd, anti-TGF-β1, anti-ET-1, polyclonal anti-KLF4 antibody (1:1000, all from Abcam, Cambridge, UK), and monoclonal anti-β-actin antibody (1:1000, Beyotime, Jiangsu, China) respectively overnight at 4°C. The membranes were washed three times for 5 min in TBST and then incubated with goat anti-rabbit or goat anti-mouse IgG/HRP conjugated secondary antibodies (1:1000) for 1 h. The protein bands were visualized using ECL kit (Beyotime, Jiangsu, China). Images were obtained and analyzed with AlphaView analysis system (ProteinSimle, USA). The expression of β-actin was used as an internal control.

Quantitative PCR (qPCR)
-----------------------

Total RNA in HPASMC was extracted by Trizol reagent (Thermo Fisher Scientific), then RNA (1 μg) was reverse-transcribed using a Prime Script^TM^ RT reagent Kit with gDNA Eraser in 20 μl reactions. The cDNA product was diluted 3-folds, aliquoted, and stored at −80°C. Amplification was performed on ABI 7500 Real-Time PCR system (Applied Biosystems) using SYBR^®^ Premix Ex Taq^TM^ II kit (all from Takara, Dalian, China). The thermocycling conditions were 30 s pre-incubations at 95°C for one cycle, followed by 40 cycles of 95°C for 5 s and 60°C for 34 s. Primers for guanosine-3′,5′-cyclic monophosphate (cGMP) were 5′-TGG AGG AGA ATA CTG GCA AGG-3′ (Sense) and 5′-TGG CTC TCT CCA CTG CTT CA-3′ (antisense), activating transcription factor 4 (ATF4), 5′-CCA ACA ACA GCA AGG AGG AT-3′ (Sense), 5′-AGG TCA TCT GGC ATG GTT TC-3′ (anti-Sense), heme oxygenase-1 (HMOX1), 5′-AAC TTT CAG AAG GGC CAG GT-3′ (Sense), 5′-GAA GAC TGG GCT CTC CTT GTT-3′ (antiSense), prostaglandin-endoperoxide synthase 2 (PTGS2), 5′-GTC TGG TGC CTG GTC TGA TG-3′ (Sense), 5′-GCC TGC TTG TCT GGA ACA AC-3′ (antiSense), thromboxane A2 receptor (TbxA2R), 5′-TCG CTA CAC CGT GCA ATA CC-3′ (Sense), 5′-TGT TCA GCA GGA AGG ACA GC-3′ (antiSense), Thrombospondin, 5′-TCC TCC TCA CCC TTG ACA AC-3′ (Sense), 5′-TGG ACA GCT CAT CAC AGG AG-3′ (antiSense), transgelin (TAGLN), 5′-TCC AGG TCT GGC TGA AGA AT-3′ (Sense), 5′-GCT CCA TCT GCT TGA AGA CC-3′ (antiSense), epiregulin, 5′-TGG TGT CCG ATG TGA ACA CT-3′ (Sense), 5′-TGG AAC CGA CGA CTG TGA TA-3′ (antiSense), and GAPDH, 5′-TGC ACC ACC AAC TGC TTA GC-3′(sense), 5′-GGC ATG GAC TGT GGT CAT GAG-3′ (antisense). NO-reverse transcription controls (No-RT) and No-template controls (NTC) were performed for each RNA type and primer pair. The fold changes amplification for targeted genes was normalized to the housekeeping gene GAPDH by the 2^−ΔΔCT^ method. Samples were analyzed in triplicate and each experiment was repeated for at least three times.

Statistical analysis
--------------------

Values were expressed as means±SD. The data were analyzed by one-way ANOVA, followed by SNK-q test. The level of statistical significance was set at p\<0.05.

Results
=======

rBMSCs/ITGA5B1 enchanced the NO/cGMP signal, eNOS expression and inhibited ROS production
-----------------------------------------------------------------------------------------

Compared to control groups, NO concentration and cGMP mRNA expression was reduced but ROS was increased in MCT treated HPASMC model groups. However, the NO level, cGMP mRNA expression was elevated about 3.5-folds and 3-folds respectively but ROS production was reduced in HPASMC co-cultured with rBMSCs/ITGA5B1 compared to model groups ([Fig. 1A\~C](#f1-ijsc-11-168){ref-type="fig"}). Furthermore, eNOS, which is associated with diastolic factors NO production, was activated in ITGA5B1 groups compared to model groups ([Fig. 1D](#f1-ijsc-11-168){ref-type="fig"}).

rBMSCs/ITGA5B regulated stress response genes, inflammation factors and diastolic-systolic factors in MCT treated HPASMC
------------------------------------------------------------------------------------------------------------------------

The present study found that MCT induced the oxidative stress and inflammation factors increasing in HPASMC, manifestied by the up-regulated stress-induced transcription factor ATF4, down-regulated vasoprotective genes HMOX1 and PTGS2 mRNA expression ([Fig. 2A and 2B](#f2-ijsc-11-168){ref-type="fig"}), increased the pro-inflammation factors Cebpd, KLF4 and TGF-β1 protein expression ([Fig. 2C and 2D](#f2-ijsc-11-168){ref-type="fig"}). After HPASMC co-cultured with rBMSCs/ITGA5B1, the expression of ATF4, Cebpd, KLF4, and TGF-β1 were all depressed but HMOX1 and PTGS2 was elevated in HPASMC by introduction of rBMSCs/ITGA5B1 ([Fig. 2](#f2-ijsc-11-168){ref-type="fig"}). Furthermore and importantly, rBMSCs/ITGA5B1 could improve the unbalance state of diastolic-systolic factors expression of MCT treated HAPSMC. The eNOS expression and NO production were increased in ITGA5B1 groups as we mentioned above ([Fig. 1A and 1D](#f1-ijsc-11-168){ref-type="fig"}). The Tbxa2R mRNA and vasoconstrictor ET-1 protein expression was up-regulated 1.46-folds and 2.56-folds higher respectively in model groups than in control groups, but it was down-regulated by co-cultured with rBMSCs/ITGA5B1 ([Fig. 2B and 2D](#f2-ijsc-11-168){ref-type="fig"}).

Effect of rBMSCs/ITGA5B1 on morphological changes and phenotypic transition in HAPSMC
-------------------------------------------------------------------------------------

For normal cell morphology of HPASMC in control groups, the cells were spindle-shaped with small size, but the cell morphology and overall cell size was changed much in MCT treated HPASMC groups, which showed fibroblast like and larger in volume compared to control groups. However, rBMSCs/ITGA5B1 could rescue the MCT induced HPASMC morphologic changes, the cells morphology in ITGA5B1 groups was similar to that of the control group, showing more spindle-shaped and smaller size than in model groups ([Fig. 3](#f3-ijsc-11-168){ref-type="fig"}). Moreover, the mRNA expression of synthetic SMCs phenotype marker thrombospondin-1 and epiregulin were up-regulated significantly, increased above 1.4-folds and 100-folds respectively, whereas the transgelin was down-regulated nearly 2.5-folds in model groups than in control groups ([Fig. 4](#f4-ijsc-11-168){ref-type="fig"}). Interestingly, MCT induced phenotypic transition from contractile to synthetic phenotype in HPASMCs was depressed by co-cultured with rBMSCs/ITGA5B1, the thrombospondin-1, epiregulin was decreased 2.88-folds and 3.17-folds respectively, but the contractile SMCs phenotype marker transgelin was increased 2.3-folds compared to model groups ([Fig. 4](#f4-ijsc-11-168){ref-type="fig"}).

Discussion
==========

Mesenchymal stem cells (MSCs) have been proposed to the treatment of pulmonary hypertension to improve vascular endothelial functions, but the low survival rates after transplantation due to cell death via anoikis driven by the loss of cell adhesion is a major obstacle to stem cell therapy ([@b15-ijsc-11-168]). Our previous studies have shown that ITGA5B1 could prevent rBMSCs cell anoikis and increase the NO production ([@b12-ijsc-11-168]). In this study we demonstrated that rBMSCs/ITGA5B1 activated NO/cGMP signal, attenuated inflammation factors expression, oxidative stress, and improve the unbalance state of diastolic-systolic factors expression in MCT treated HAPSMC.

Endothelial cell dysfunction plays an important role in the pathogenesis of PAH and is associated with diminished eNOS-derived NO production. The endothelial barrier disruption resulted in the up-regulation of inflammatory cytokines and contribute to the development of oxidative stress, leading to generation of ROS ([@b16-ijsc-11-168]). The increased ROS level can significantly inhibit the bio-availability of NO and ultimately lead to a reduction in NO-induced vasodilation of the pulmonary vasculature ([@b4-ijsc-11-168]). NO acts as a suppressor of SMC proliferation and endothelium derived relaxing factor, and has a great impact on the pulmonary circulation mainly through the second messenger cGMP ([@b17-ijsc-11-168]). Therefore, the enhanced NO/cGMP activation by rBMSCs/ITGA5B1 may exert its regulation effect on the inflammation, oxidative stress, and diastolic-systolic factors.

The present study demonstrated that rBMSCs/ITGA5B1 depressed the expression of pro-inflammatory factors (Cebpd, KLF4 and TGF-β1), ROS production, stress response transcription factor ATF4, but up-regulated HMOX1 and PTGS2 expression, restore the MCT induced morphological changes and inhibited phenotypic transition in HPASMCs. It has been widely accepted inflammation contributes to pulmonary vascular remodeling, and the Cebpd, KLF4 and TGF-β1 is capable of regulating inflammation. Cebpd belongs to the CCAAT/enhancer-binding protein family, and these proteins functions as transcription factors in many biological processes, including pro-inflammatory gene expression ([@b18-ijsc-11-168]). Cebpd is a central gene in inflammation and plays an important role in the inflammatory responses ([@b18-ijsc-11-168]). For transcription factor KLF4, it involved in SMC dedifferentiation. KLF4 could induce and regulate the inflammatory factors expression in macrophages ([@b19-ijsc-11-168]), bound to the TGF-β control element transgelin promoters, and suppress the SMC differentiation gene expression ([@b20-ijsc-11-168]). TGF-β1 is a multifunctional signaling protein involved in growth stimulation, migration, phenotypic transition and morphological changes of vascular SMC ([@b21-ijsc-11-168]). In our study, we observed that the pro-inflammatory factors Cebpd, KLF4 and TGF-β1 up-regulation with the increase of ROS in MCT treated HPASMC, but they were inhibited by co-cultured with rBMSCs/ITGA5B1. Furthermore, ATF4 was down-regulated and HMOX1was up-regulated by rBMSCs/ITGA5B1. ATF4 is a master transcriptional activator of the integrated stress response, can exert its pro-inflammatory through nuclear factor-kappaB and IL-6 activation ([@b22-ijsc-11-168]). HMOX1 is an oxidative stress response enzyme and generally regarded as a protective mechanism, which presents with anti-inflammatory properties and was inversely correlated to pulmonary vascular resistance ([@b23-ijsc-11-168]). Recently report demonstrated that the decreased lung vasoprotective genes HMOX1 and PTGS2 associated with greater pulmonary inflammation ([@b24-ijsc-11-168]). Although the overwhelming majority of studies on PTGS2 had explored the role of it as the key factor in the cellular response to inflammation, however, there was sporadic report suggested that PTGS2 was a key regulatory enzyme in the synthesis of the antifibrotic agent prostaglandin E2 ([@b25-ijsc-11-168]), and exhibited vasoprotective function ([@b24-ijsc-11-168]). More importantly, there is considerable data supporting the anti-inflammatory properties of MSCs will be of benefit for many conditions ([@b26-ijsc-11-168], [@b27-ijsc-11-168]). The concept that the pathological phenotype of SMCs from a contractile to a synthetic phenotype was triggered by different environmental stress and injury events including activated inflammatory cascades ([@b28-ijsc-11-168]). Therefore, the inhibitory effect of rBMSCs/ITGA5B1 on pro-inflammation factors and oxidative stress may mitigate phenotypic transition.

In case of the vessel damage under different environmental stress, vascular SMCs are able to switch from the quiescent contractile phenotype to the pro-inflammatory synthetic phenotype. In this study, MCT induced the HPASMC with hypertrophy, enhanced synthetic SMCs phenotype markers (thrombospondin-1 and epiregulin) expression and repressed contractile SMCs phenotype marker transgelin expression in model groups compared to control groups, whereas, the morphological change and phonotypic transition of HPASMC induced by MCT was reversed by co-cultured with rBMSCs/ITGA5B1. The cell shape in ITGA5B1 groups showed similar in morphology to control groups, a single layer of cells with the elongated spindle shaped cells were clearly observed in ITGA5B1 groups, and the expression of thrombospondin-1, epiregulin was decreased but transgelin was increased in ITGA5B1 groups. A recent study reported that the inhibition of thrombospondin-1 prevents TGF-β1 activation and protects against PAH development ([@b29-ijsc-11-168]). Epiregulin is an epidermal growth factor (EGF)-related growth regulating peptide which involved in vascular SMCs proliferation and induction of SMCs dedifferentiation ([@b30-ijsc-11-168]). Inversely, transgelin is ubiquitously expressed in vascular SMCs and is an early marker of SMCs differentiation ([@b31-ijsc-11-168]). Our results were consistent with the above reports. The mitigated phenotypic transition in ITGA5B1 groups indicated that rBMSCs/ITGA5B1 maybe the determinants for the regulation SMC phenotype marker expression and involved in the maintenance of the contractile phenotype in HPASMC.

PAH not only characterized as a disease of endothelial dysfunction but also with an imbalance between vasoconstrictors and vasodilators. Thromboxane A2 (TbxA2) and ET-1 are a potent vasoconstrictor while NO has strong vasodilatory effects. TbxA2 was produced by thromboxane synthase (TbxAS) and ultimately stimulates TbxA2 receptor (TbxA2R) to induce vasoconstriction ([@b32-ijsc-11-168]). ET-1 is known to be an extremely powerful vasoconstrictor, involved in vascular remodeling and plays a major role in the pathophysiology of hypertension. Supporting the concept that reducing ET-1 vasoconstrictor activity contributes to the improvement in endothelial vasodilator function ([@b33-ijsc-11-168]). With the reduction of ET-1, the vasodilator NO production was enhanced in ITGA5B1 groups. In consideration of NO is synthesized largely by eNOS in endothelial cell ([@b27-ijsc-11-168]). The present results also support a hypothesis related to the recovery of diastolic-systolic factors balance, such as up-regulated eNOS, NO production and repressed ET-1 protein expression and pro-inflammatory factors.

Taken together, our results reveal a critical role of the rBMSCs/ITGA5B1 on inhibited inflammation, oxidative stress, and HPASMC synthetic phenotype evidenced by lowering HPASMC pro-inflammation factors, alleviating oxidative stress, reversing the synthetic phenotype transition, whereas elevating contractile gene transgelin, restoring the morphological changes of HPASMC. Furthermore, rBMSCs/ITGA5B1 regulated the imbalance between vasoconstrictors and vasodilators induced by MCT. The focus on inflammation, oxidative stress, phenotypic transition, balance between vasoconstrictors and vasodilators in HPASMC, and the way to enhance the anoikis resistance to successful application of stem cell therapy as we mentioned previously ([@b12-ijsc-11-168]), may lend itself to a whole new strategy for preventing and potentially reversing PAH progression in the future.
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![The effect of rBMSCs/ITGA5B1 on NO/cGMP signal, eNOS expression and ROS production. (A) NO production was evaluated by measuring nitrite (the stable end product of NO) concentration by a nitric oxide colorimetric assay. (B) The mRNA expression of cGMP. (C) ROS production. ROS level was detected by the fluorescent probe DCFH-DA. The FITC-A Mean represents for the average fluorescence intensity. (D) The expression of eNOS protein was investigated by western-blot. 1: Control groups, 2: Model groups, 3: Vector groups, 4: ITGA5B1 groups. \*p\<0.05, \*\*p\<0.01.](ijsc-11-168f1){#f1-ijsc-11-168}

![The regulation effects of rBMSCs/ITGA5B1 on the expression of stress response genes, pro-inflammatory factors and vasoconstrictors. (A, B) The mRNA expression of ATF4, HMOX1, PTGS2 and TbxA2R. (C, D) The protein expression of pro-inflammatory factors and vasoconstrictor. 1: Control groups, 2: Vector groups, 3: Model groups, 4: ITGA5B1 groups.](ijsc-11-168f2){#f2-ijsc-11-168}

![Effect of rBMSCs/ITGA5B1 on morphological changes of MCT induced HPASMC. Compared to control groups, the cells showed fibroblast like and hypertrophy in model groups, whereas the cell shape in ITGA5B1 groups showed spindle-shaped with small size and similar in morphology to control groups. Bar=100 μm (10×).](ijsc-11-168f3){#f3-ijsc-11-168}

![The mRNA expression of the thrombospondin, transgelin and epiregulin. The synthetic SMCs phenotype markers thrombospondin and epiregulin was reduced while the contractile SMCs phenotype marker transgelin expression was up-regulated by rBMSCs/ITGA5B1.](ijsc-11-168f4){#f4-ijsc-11-168}
